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Abstract
Leptogenesis appears to be a viable alternative to account for the baryon asymmetry of the
Universe through baryogenesis. In this context, we consider a scenario in which the standard
model is extended with S3 and Z2 symmetry in addition to the two scalar triplets, two scalar
doublets and three right handed neutrinos. Presence of scalar triplets and right-handed neutrinos
in the scenarios of both type-I and type-II seesaw framework provide a different leptogenesis option
and can help us to understand the matter-antimatter asymmetry with simple S3 symmetry. We
discuss the neutrino phenomenology and leptogenesis in both high (O(1010) GeV) and low energy
scale (O(2)TeV) by constraining the Yukawa couplings. Moreover, we also consider the constraints
on model parameters from neutrino oscillation data and leptogenesis to explain the rare lepton
flavor violating decay and muon g-2 anomaly.
PACS numbers: 13.30.Hv;14.60.St
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I. Introduction
The Standard Model (SM) of particle physics has attained an unprecedented level of
success over the last few decades, which culminated with the discovery of the Higgs boson
at the CERN Large Hadron Collider. However, there appears to be observations which
cannot be explained within the framework of the SM. In this context, the observation of
neutrino oscillation has indicated that the SM needs to be extended to accommodate the
massive neutrinos [1]. Moreover, there exists evidence of the baryon asymmetry of the
universe, with the obtained value of ΩBh
2 = 0.0223 ± 0.0002 [2] that corresponds to the
baryon asymmetry YB ≡ ηB/s ≈ 0.86×10−10. There have been many attempts to find some
hint of the physics beyond the SM (BSM) but the quest so far remains unsuccessful. In the
absence of any clear cut idea so as to ascertain the nature of the new physics it is quite
natural to explore simple extensions of the SM which can help to explain the observed data.
The leptonic sector, in particular the study of neutrinos has taken the center stage in
particle physics in recent years. Discrete symmetries are widely used for a long time for BSM
model building and to explain the neutrino phenomenology [3]-[9]. The discrete symmetries
commonly discussed are the S3, S4 and A4 symmetries to explain the observed neutrino
oscillation data. Here we choose the simplest permutation symmetry, the S3 along with Z2
symmetry, to explain neutrino mass and also discuss leptogenesis [10]- [13]. In addition to
the SM particle spectrum, we introduce three right handed neutrinos, two Higgs doublets
and two scalar triplets to explain the neutrino mass with type I+ II seesaw mechanism [14].
There are a lot of studies using S3 symmetry but here we would like to add another aspect
of it to the growing list of possibilities. Earlier, it has been discussed in the literature that
S3 symmetry with type-I seesaw scenario could be helpful to accommodate the experimental
findings in both quark and lepton sectors, in addition to explaining leptogenesis. Despite the
simplicity of the type I seesaw model, type II seesaw is equally frequented due to the fact that
addition of scalar does not lead to any anomaly, neither does it have negative contribution
to the radiative correction of the SM Higgs mass, unlike the fermions. Leptogensis with
S3 symmetry and right handed neutrinos have been considered before in [15] and here we
consider the possible effect of scalar triplets with S3 symmetry.
The CP violation prescribed by the Kobayashi-Maskawa mechanism of the SM is not
capable of explaining the observed matter antimatter asymmetry of the Universe and, there-
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fore, lepton asymmetry plays a significant role here. Leptogenesis appears to be an elegant
mechanism where the asymmetry generated in the leptonic sector of the SM can be con-
verted to baryogenesis through sphaleron transitions and, in fact, this idea looks to be very
promising. In general, lepton asymmetry produced by the out of equilibrium decay of right
handed neutrinos has been widely studied in the literature [16]-[36]. But there are very
few studies devoted to the generation of lepton asymmetry through the out of equilibrium
decay of the scalar triplets in type II seesaw framework [37]-[42]. Nonzero CP asymmetry
cannot be generated with one loop contribution in the presence of only one scalar triplet
[38]. Hence scalar sector should be extended with at least one more triplet to generate a
nonzero CP asymmetry from the interference of tree and one loop contributions. Since the
scalar triplet has two different decay modes, even though the gauge interactions and the
total decay rate of the triplets are larger than the expansion rate of the universe, still the
lepton asymmetry can be generated with any of the decays being out of equilibrium. There
exist studies in the literature in connection with the leptogenesis from scalar triplet in the
presence of right handed neutrinos [43],[14], and we focus here in this direction with some
additional symmetries.
Motivated by the need to look for scenarios beyond the SM, we chose the simplest dis-
crete symmetry (S3) with minimal particle contents to discuss neutrino phenomenology and
leptogenesis as a viable option. Generation of lepton asymmetry from the decay of heavy
Majorana fermions is well described in the literature in the framework of S3 symmetry. But
few studies have done with scalar triplets in this context. Therefore, we tried to explain
the leptogenesis phenomena from the decay of heavy scalar triplet and its interesting phe-
nomenology in the presence of right-handed Majorana neutrinos in a composite seesaw (type
I+II) scenario.
The remainder of the article is as follows: in Section II, we explain the model framework.
Here we describe the Lagrangian with S3 symmetry including the extended particle contents.
Extended Higgs sector is also discussed in this section. Section III includes the description
of the neutrino masses and mixing with type I + II seesaw mechanism, where we discuss the
relevant framework to compare our results with the observed data. Section IV is devoted
to the leptognesis. Here we discuss all the possible scenarios and associated Boltzmann
equation including the results. Section V contains the Conclusion.
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II. THE MODEL
In this section, we discuss the particle content and corresponding group charges of the
SM and extra particles, excluding the quark sector and focus only on the leptonic sector.
The importance of discrete symmetries in particle phenomenology has already been dis-
cussed extensively in various studies earlier [4], [11]. We consider the extension of the SM
(SU(3)× SU(2)L×U(1)Y)) with the simplest non-abelian discrete flavor symmetry, S3, and
the abelian symmetry Z2. In addition to the SM particles, we include three right handed
neutrinos(N(1,2,3)R), two Higgs doublets, and two Higgs triplets (∆1,2) to explain the neutrino
mixing and leptogenesis.
Particles SU(3)c ⊗ SU(2)L ⊗U(1)Y S3 Z2
Le, Lµ (1, 2,−1) 2 +1
Lτ (1, 2,−1) 1 +1
E1R, E2R (1, 1,−2) 2 +1
E3R (1, 1,−2) 1 +1
N1R, N2R (1, 1, 0) 2 +1
N3R (1, 1, 0) 1 −1
H1, H2 (0, 2, 1) 2 +1
H3 (0, 2, 1) 1 −1
∆1 (0, 3, 2) 1 +1
∆2 (0, 3, 2) 1 +1
TABLE I: Particle contents and quantum numbers under SM, S3, and Z2
In Table I, Le, Lµ and Lτ are the first, second and third generation lepton families
respectively, NiR and ∆1,2 are the right handed singlet Majorana neutrinos and SU(2) triplet
Higgs, respectively. The scalar triplets are defined in SU(2) basis and is given by [37]
∆i =
∆i+2 ∆i++
∆i
0 −∆i+
2
 . (1)
The invariant Lagrangian for both type I and type II, involving the scalars and fermions in
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the framework under consideration (SU(3)c⊗SU(2)L⊗U(1)Y⊗S3⊗Z2), is given by [15][44]
L ⊃ yt1
[
L˜e∆1Le + L˜µ∆1Lµ
]
+ yt1
′[L˜τ∆1Lτ ]
+yt2
[
L˜e∆2Le + L˜µ∆2Lµ
]
+ yt2
′[L˜τ∆2Lτ ]
−yν1
[
LeH˜2N1R + LµH˜1N1R + LeH˜1N2R − LµH˜2N2R
]
−yν3
[
Lτ H˜1N1R + Lτ H˜2N2R
]
− yν4
[
Lτ H˜3N3R
]
−yl2
[
LeH2E1R + LµH1E1R + LeH1E2R − LµH2E2R
]
−yl4
[
Lτ H1E1R + Lτ H2E2R
]− yl5 [Le H1E3R + Lµ H2E3R]
−1
2
∑
i=1,2
N
c
iRMiRNiR −
1
2
N
c
3RM3RN3R + h.c− V(Hi,∆j) (i = 1, 2, 3; j = 1, 2). (2)
In the above expression, L˜L = LcLiτ2 = (−ecL νcL), yνi and yli are the Yukawa couplings
of neutral and charged leptons, respectively. MiR are the Majorana masses of right handed
neutrinos. Models with extra Higgs in the presence of discrete symmetries are well studied
in the literature [45]-[52]. With the additional scalar content in the model, we can write the
interaction potential as
V (Hi,∆j) = m
2
0H3
†H3 +m2d(H2
†H2 +H1†H1) + λ1(H2†H2 +H1†H1)2
+λ2(H1
†H2 −H2†H1)2 + λ3[(H1†H1 −H2†H2)2 + (H1†H2 +H2†H1)2]
+λ4[(H3
†H1)(H1†H2 +H2†H1) + (H3†H2)(H1†H1 −H2†H2) + h.c]
+λ5[(H3
†H3)(H1†H1 +H2†H2)] + λ6[(H3†H1)(H1†H3) + (H3†H2)(H2†H3)]
+λ7[(H3
†H1)(H3†H1) + (H3†H2)(H3†H2) + h.c] + λ8(H3†H3)2
+µ2SB1(H1
†H2 + h.c) + µ2SB2(H3
†(H1 +H2))
+m2t1Tr(∆1
†∆1) +m2t2Tr(∆2
†∆2) + µ1(H˜1
†
∆1
†H1 + H˜2
†
∆1
†H2)
+µ1
′(H˜3
†
∆1
†H3) + µ2(H˜1
†
∆2
†H1) + µ2′(H˜3
†
∆2
†H3) + g2(H3†∆1†∆1H3)
+g1(H1
†∆1†∆1H1 +H2†∆1†∆1H2) + g3(H1†∆2†∆2H1) + g4(H3†∆2†∆2H3)
+k1((H1
†H1)Tr(∆1†∆1) + (H2†H2)Tr(∆1†∆1)) + k2((H3†H3)Tr(∆1†∆1))
+k3((H1
†H1)Tr(∆2†∆2) + (H2†H2)Tr(∆2†∆2)) + k4((H3†H3)Tr(∆2†∆2))
+t1Tr(∆1
†∆1)2 + t2Tr(∆2†∆2)2 + t3Tr(∆1†∆1)Tr(∆2†∆2). (3)
The minimization conditions are given by ∂V
∂v1
= 0, ∂V
∂v3
= 0, ∂V
∂u1
= 0, ∂V
∂u2
= 0, where,
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〈∆1,2〉 =
 0 0
u1,2 0
, 〈H1〉 =
 0
v1
, 〈H2〉 =
 0
v2
 and 〈H3〉 =
 0
v3
.
We found the stability conditions of the scalar potential by using the co-positivity criteria
[53], which are given below
λ1 + λ3 ≥ 0, λ8 ≥ 0, l1 ≥ 0, l2 ≥ 0,
λ5 + λ6 + |λ7|+
√
λ8(λ3 + λ1) ≥ 0,
3(λ1 + λ3)
√
λ8 + 2(λ5 + λ6 + |λ7|)
√
λ1 + λ3 ≥ 0,
2(λ5 + λ6 + |λ7|)2 − 3λ8(λ1 + λ3) ≥ 0,
(g1 + k1) +
√
(λ1 + λ3)t1 ≥ 0, (g3 + k3) +
√
(λ1 + λ3)t2 ≥ 0,
(g2 + k2) +
√
λ8t1 ≥ 0, (g4 + k4) +
√
λ8t2 ≥ 0, t3 +
√
t2t1 ≥ 0. (4)
The explicit symmetry breaking terms µSB1 and µSB2 in the potential in Eq.(3) break S3×Z2
softly to another symmetry, H1 ↔ H2. Hence one can choose, 〈H01 〉 = 〈H02 〉 = v1. The
symmetry breaking terms are important for generating masses of additional Higgs particles.
Multi Higgs doublet models allow tree level Flavor Changing Neutral Current (FCNC),
unless the coupling of scalar doublets to both up and down type quarks and leptons are
protected. These FCNCs can be suppressed with Higgs masses at TeV scale, which cannot
be generated by electroweak symmetry breaking. Therefore, one can adjust the heavy Higgs
mass by fine-tuning the soft breaking parameters.
A. Masses and Mixing in the Higgs sector
Looking at the symmetry breaking terms in the scalar potential in Eq.(3) one can redefine
H1 and H2 in terms of H+ and H− as [15],
H1 =
H+ +H−√
2
, H2 =
H+ −H−√
2
. (5)
After redefinition, we can have 〈H0−〉 = 0 and 〈H0+〉 = v+, with the assumption that v1 = v2.
The mixing between H+ and H3 can be considered as both of them acquire a non zero
Vacuum Expectation Value (VEV). Here we can write the mass basis of these two Higgs
fields by orthogonal rotation of flavor states as follows,H3
H+
 =
 cos β sin β
− sin β cos β
HL
HH
 , (6)
6
where, HL = H3 cos β −H+ sin β and HH = H3 sin β +H+ cos β, and β is the Higgs mixing
angle. The new Higgs fields are written in SU(2) doublet form as
HL =
 0
h0L + v
 , HH =
 h+H
h0H + iaH
 , H− =
 h+−
h0− + ia−
 , (7)
where, HL is the SM like Higgs with VEV, v =
√
v+2 + v32 = 246 GeV and tan β =
v+
v3
with 〈H03 〉 = v3. Charged and CP odd components of HL will be absorbed by the SM gauge
bosons to acquire mass in unitary gauge conditions. And rest of the Higgs doublets will
have two CP odd, two charged and two neutral scalar fields.
The masses of the scalar fields are given by
M2hH ≈M2hH+ ≈M2aH ≈ µ2SB1 cos2 β + 2
√
2µ2SB2 sin β cos β + (µ1u1 + µ2u2),
M2hL ≈ O(v2),
M2h− ≈M2h−+ ≈M2a− ≈ µ2SB1 + µ1u1 + µ2u2.
The masses of the Higgs fields, other than the SM Higgs (125 GeV), can be achieved to be
order of TeV by finetuning, which help in suppressing the tree level FCNCs.
Phase Re-absorption
The phases of complex fermion fields can be redefined by fixing the phases in the complex
Yukawa coupling present in the Lagrangian in Eq.(2) [15]. Let’s consider that the neutral
lepton Yukawa couplings transform as yνi → eipyiyνi (i = 1, 3, 4), where, pyi are the phases of
transformations. Similarly for the charged lepton Yukawa and the fermion fields transform
as yli → eipyliyli (i = 2, 4, 5), Li → eiplLi (i = 1, 2), L3 → eipl3L3, EiR → eipEEiR (i = 1, 2),
E3R → eipE3E3R, NiR → eipRNiR (i = 1, 2) and N3R → eip3RN3R.
Phases of NiR can be absorbed in the Majorana mass matrix MiR, M3R and the phases in
the charged lepton Yukawa couplings can be fixed by the redefinition of the fermion fields,
which can be found from the Lagrangian in Eq.(2) as follows
pl = −pyl2 + pE, pl3 = −pyl4 + pE, pE3 = pyl5 − pyl2 + pE. (8)
Hence one can choose the leftover phase in charged lepton sector to be pl, which can be fixed
by the Yukawa coupling of the neutrinos, i.e., pl = −py1. Therefore, the remnant phase in
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the neutral lepton complex Yukawa coupling are py3 and py4. While constructing the mass
matrices, the neutral and charged lepton fields can be rotated separately, hence only the
relative phase py3 - py4 appears in the neutrino mass matrix.
Similarly, in the scalar sector the triplet lepton Yukawa and the complex triplet fields
transform as yti → eipytiyti and ∆i → eip∆i∆i, respectively. From the triplet Lagrangian
in Eq.(2) one can fix the phases as, pyt1 = 2pl + p∆1 and pyt1′ = 2pl3 + p∆1 . Hence, if the
phases of yti can be absorbed by the redefinition of ∆i, the remnant phases in the scalar
triplet-lepton interaction sector are pyti′ .
III. NEUTRINO MASSES AND MIXING
In order to discuss the neutrino masses and mixing, we first discuss the type I seesaw
mass matrix for neutral leptons, which is given in the basis of N˜ = (νcL, NR)
T as
M =
 0 MD
MTD MR
 . (9)
We consider the light neutrino mass formula, which is described by the well known type I
seesaw mechanism as [54],[55]
MIν = MDM−1R (MD)T . (10)
Looking at the Lagrangian in Eq.(2), one can write the flavor structure of Dirac mass matrix
for the neutral and charged leptons as
MD =

m1 m1 0
m1 −m1 0
m3 m3 m4e
iφ
 , Ml =

ml2 ml2 ml5
ml2 −ml2 ml5
ml4 ml4 0
 , (11)
where, m1 = yν1v1, m3 = yν3v1, and m4 = yν4v3. Similarly, ml2 = yl2v1, ml5 = yl5v1,
and ml4 = yl4v1 with the assumption that v1 = v2. Using the mixing of the Higgs fields
and the redefinition of VEVs, one can rewrite the terms inside the Dirac mass matrix as,
m1 = yν1v sin β, m3 = yν3v sin β, and m4 = yν4v cos β. Similarly, one can also write,
ml2 = yl2v sin β, ml5 = yl5v sin β, and ml4 = yl4v sin β. From the phase re-absorption, as
explained before, we can always have the choice to put the remnant phase in any element of
8
Dirac term. Here we put the relative phase (φ = py3−py4) in m4 for simplicity in calculation.
Similarly, the type II mass matrix can be constructed from the Lagrangian in Eq.(2) by using
the general formula of effective neutrino mass matrix in type II seesaw mechanism [56], i.e
MIIν =
∑
i
2µiLY∆iv
2
M2∆i
. The structure of mass matrix is given below
MIIν =

x1yt1 + x2yt2 0 0
0 x1yt1 + x2yt2 0
0 0 x1yt1
′ + x2yt2′
 , (12)
where, xi =
2µiLv
2
M2∆i
(i = 1, 2) and µiL = 2µi sin
2 β + µi
′ cos2 β. Here µiL are the coupling of
triplets to the SM like Higgs(HL) in this model, which contribute to the neutrino mass.
A. Diagonalization of charged Lepton and Neutrino mass matrices
The squared charged lepton mass matrix can be diagonalized by unitary transformation
as UeLMlMl
†UeL† = Diag(m2e, m
2
µ, m
2
τ ). The Eigenvector matrix of the squared masses can
be obtained by solving the characteristic equation [11],
Uel =

x√
2(1−x2)
1√
2(1+x2)
1√
2(1+
√
z)
−x√
2(1−x2)
−1√
2(1+x2)
1√
2(1+
√
z)√
1−2x2√
1−x2
x√
1+x2
√
z√
(1+
√
z)
 . (13)
Where, x = me
mµ
, and z =
m2em
2
µ
m4τ
. With the consideration of the Majorana neutrinos to be in
diagonal basis, for simplicity, we can write the effective small neutrino mass matrix MIν in
type I seesaw framework from Eq.(10) and (11) as
MIν =

η1
2 0 η1η3
0 η1
2 0
η1η3 0 η3
2 + η4
2e2iφ
 , (14)
where, η1 =
√
2m1√
M1R
, η3 =
√
2m3√
M1R
, η4 =
√
2m4√
M3R
, and m1,m3 and m4 are defined in Eq.(11). The
small neutrino mass matrix for the type I+II seesaw scenario from Eq.(12) and (14) is given
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by Mν =MIν +MIIν , which can be written in matrix form as
Mν =

η1
2 + yt1x1 + x2yt2 0 η1η3
0 η1
2 + yt1x1 + x2yt2 0
η1η3 0 η3
2 + η4
2e2iφ + |yt1′x1 + yt2′x2|eiφ∆
 .
(15)
With the consideration of y′ti, yti, µi to be complex, the phase in yti is fixed by the redef-
inition of field. The remnant phase in the triplet interaction sector being φ∆, which is the
relative phase in yt1
′ and yt2′. Now the above mass matrix is reduced to a simple form as
Mν =

r1 0 η1η3
0 r1 0
η1η3 0 r2e
iφeff
 . (16)
In the above, r1 = η1
2 + x1yt1 + x2yt2 and r2 = |η32 + η42e2iφ + |x1yt1′ + x2yt2′|eiφ∆| are the
S3 parameters and the effective phase (φeff ) in the mass matrix, which is given by
tanφeff =
η4
2 sin 2φ+ |x1yt1′ + x2yt2′| sinφ∆
η32 + η42 cos 2φ+ |x1yt1′ + x2yt2′| cosφ∆ . (17)
Since the mass matrix is already in block diagonal form, it is easy to diagonalize the only
non-diagonal block by simple orthogonal rotation. The rotation matrix in 3 dimensional
form is given by
Uν =

cos θ 0 sin θe−iφν
0 1 0
− sin θeiφν 0 cos θ
 , and UνTMνUν =

mν1e
iφ1 0 0
0 mν2 0
0 0 mν3e
iφ3
 . (18)
After diagonalizing the neutrino mass matrix in Eq.(16), we can write the complex mass
parameters of Eq.(18) as,
Mν1 = mν1e
iφ1 =
r1 + r2e
iφeff
2
− 1
2
[
(r1 − r2eiφeff )2 + 4(η1η3)2
]1/2
,
Mν3 = mν1e
iφ1 =
r1 + r2e
iφeff
2
+
1
2
[
(r1 − r2eiφeff )2 + 4(η1η3)2
]1/2
,
Mν2 = r1, tanφν =
r2 sinφeff
[r1 − r2 cosφeff ] . (19)
Where, φν is the only phase appearing in the neutrino mixing matrix in Eq.(18) and hence
can be considered as Dirac like phase. φ1 and φ3 are the Majorana like phases in the mass
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matrix. Hence by the standard parameterization of PMNS matrix, which is UPMNS = Uel
†Uν ,
we can construct the neutrino mixing matrix for this model from Eq.(13) and Eq.(18) as
UPMNS ≈

x cos θ√
2(1−x2)
1√
2(1+x2)
e−iφνx sin θ√
2(1−x2)
− x cos θ√
2(1−x2) −
eiφν sin θ√
2(1+
√
z)
− 1√
2(1+x2)
cos θ√
2(1+
√
z)
− e−iφνx sin θ√
2(1−x2)√
1−2x2 cos θ√
1−x2 −
eiφν
√
z sin θ√
1+
√
z
x√
1+x2
√
z cos θ√
1+
√
z
+ e
−iφν√1−2x2 sin θ√
1−x2
 . (20)
The mixing angles can be obtained by comparing with the standard UPMNS matrix as
sin θ13 = |Ue3| ≈ x sin θ√
2(1− x2) , tan θ12 = |
Ue2
Ue1
| ≈
√
1− x2
x cos θ
√
1 + x2
,
tan θ23 = |Uµ3
Uτ3
| ≈ |
√
2(1− x2) cos θ −
√
2(1 +
√
z)x sin θe−iφν√
2z(1− x2) cos θ +√(1− 2x2)√2(1 +√z) sin θe−iφν |. (21)
For a sample value of θ = pi
6
, we found sin θ13 ≈ 0.004, sin2 θ12 ≈ 0.6 and sin2 θ23 ≈ 0.42.
Neutrino Oscillation Parameters
parameter best fit ± 1σ 2σ range 3σ range
∆m221 [10
−5eV2] 7.56±0.19 7.20–7.95 7.05–8.14
|∆m231| [10−3eV2] (NO) 2.55±0.04 2.47–2.63 2.43–2.67
|∆m231| [10−3eV2] (IO) 2.47+0.04−0.05 2.39–2.55 2.34–2.59
sin2 θ12/10
−1 3.21+0.18−0.16 2.89–3.59 2.73–3.79
sin2 θ23/10
−1 (NO) 4.30+0.20−0.18 3.98–4.78 & 5.60–6.17 3.84–6.35
sin2 θ23/10
−1 (IO) 5.98+0.17−0.15 4.09–4.42 & 5.61–6.27 3.89–4.88 & 5.22–6.41
sin2 θ13/10
−2 (NO) 2.155+0.090−0.075 1.98–2.31 1.89–2.39
sin2 θ13/10
−2 (IO) 2.155+0.076−0.092 1.98–2.31 1.90–2.39
TABLE II: The experimental values of neutrino oscillation parameters for 1σ, 2σ and 3σ range
[57].
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Considering the conventional mass ordering of three active neutrinos, one can write the
cases as,
Normal Hierarchy ∆m231 > 0, which gives m1 << m2 << m3,
m2 =
√
m21 + ∆m
2
sol, m3 =
√
m21 + ∆m
2
atm.
Inverted Hierarchy ∆m231 < 0, which is given by m3 << m1 << m2,
m1 =
√
m23 + ∆m
2
atm, m2 =
√
m23 + ∆m
2
atm + ∆m
2
sol.
B. Numerical Analysis
Now redefining the parameters appearing in the complex neutrino masses in Eq.(19)
as ρ1 =
r2
r1
and ρ2 =
η1η3
r1
. We have the physical masses of the active neutrinos and
corresponding Majorana phases in terms of new parameters as
mν1 = |Mν1| = |
r1
2
| [(1 + ρ1 cosφeff − C)2 + (ρ1 sinφeff −D)2]1/2 ,
mν2 = |Mν2 | = |r1|,
mν3 = |Mν3 | = |
r1
2
| [(1 + ρ1 cosφeff + C)2 + (ρ1 sinφeff +D)2]1/2 , (22)
tanφ1 =
ρ1 sinφeff −D
ρ1 cosφeff − C ,
tanφ3 =
ρ1 sinφeff +D
ρ1 cosφeff + C
, (23)
where,
C =
(
A+
√
A2 +B2
2
)1/2
, D =
(
−A+√A2 +B2
2
)1/2
,
A = 1− 2ρ1 cosφeff + ρ12 cos 2φeff + 4ρ22, B = −2ρ1 sinφeff + ρ12 sin 2φeff . (24)
And φ1 and φ2 are the Majorana like phases. We prefer a normal ordering of active neutrino
masses expressed in the above equations as functions of S3 parameters.
r =
[
∆m2sol
∆m2atm
]
=
1
4
(
2− −3 + C
2 +D2 + λ1
2 + 2λ1 cosφeff
C + Cλ1 cosφeff +Dλ1 sinφeff
)
≈ 0.03. (25)
We vary the model parameters r1 from 0 to 0.1, ρ1 from 0 to 0.01 and ρ2 from 0 to 2
and shown the allowed parameter space for those parameters compatible with the current 3σ
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FIG. 1: The left panel displays the variation of ratio of solar to atmospheric mass squared differences
with r1 and the right panel shows the variation of total active neutrino mass with the same.
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FIG. 2: Variation of the total active neutrino mass (left panel) and atmospheric mass squared
difference (right panel) with the lightest neutrino mass in the model.
data of neutrino mass squared differences and cosmological bound on total active neutrino
masses. The left and right panel of Fig.1 represent the variation of r1 with the ratio of solar
to atmospheric mass squared differences and the total neutrino mass, respectively, which
in turn gives a strong constraint on r1 to lie within a range 0.027 to 0.03. Similarly, the
lightest neutrino mass in the model is constrained to vary from 0.025 to 0.029 as shown
in Fig.2. The topmost panel of the Fig.3, shows the variation of ρ2 with the ratio of solar
to atmospheric mass squared differences, which constrain the parameter space of ρ2 to lie
within the range 1.35 to 1.38. We also show the variation of Dirac like phase (φν), appearing
in the neutrino mixing matrix (UPMNS) in Eq.(20) with r, which gives a parameter space
allowed to lie within −0.01 to 0.01, and is very small.
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FIG. 3: Variation of ratio of solar to atmospheric mass squared difference (left panel) and sum of
active neutrino masses (right panel) with ρ2.
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FIG. 4: Left panel represents the parameter space for Dirac like phase φν , allowed by the observed
solar to atmospheric neutrino mass ratio and the right panel shows the correlation of remnant
phase in the mass matrix with the Majorana like phases.
IV. LEPTOGENESIS
Leptogenesis, through the out of equilibrium decay of heavy particles, is the most viable
way to generate observed baryon asymmetry of the universe. For a review of leptogenesis,
one can refer [58]. Even though this formalism is widely studied with the heavy Majorana
fermions, there exist few studies, which focus on the production of asymmetry through scalar
decays within the type II seesaw framework [14][37]. Here, as emphasized before, the scalar
triplets are not enough to explain the observed neutrino mixing within only type II seesaw
scenario. Therefore, we add extra right handed neutrinos to include type I seesaw framework
for the explanation of neutrino phenomenology. Unlike the Majorana fermions, triplets are
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FIG. 5: The scalar triplet tree and 1-loop diagrams in the presence of additional triple scalars
contributing to the leptogenesis
charged and can generate an asymmetry in particle-antiparticle decay width. Both scalar
triplets and right-handed neutrinos in the scenario under consideration can contribute to the
leptonic CP violation. Various cases are possible, which include the generation of asymmetry
solely from the decay of scalar triplets and right handed neutrinos or from both, depending
on their masses and are well studied in literature [43]. In this work, we aim to explore
the leptogenesis phenomenon from the lightest heavy triplet in a scenario of high and low
energy scales. It is pointed out earlier in the lierature that one cannot generate a non-zero
CP asymmetry with one loop contribution in the presence of a single scalar triplet [38].
However, adding atleast one additional triplet scalar can help resolve the problem. Before
focusing on the one loop level decay of scalar triplets, we discuss the possible tree level decay
channels, as the CP asymmetry is calculated from the interference of tree and the one loop
level diagrams. From the type II seesaw Lagrangian Eq.(2), one can find two possible decay
modes of the scalar triplets, namely, the triplet can decay to two leptons or two scalars in
the final state, which are given by ∆→ ¯`i ¯`i and ∆→ hjhj, where, hj are the Higgs fields of
the model.
Summing over all the final states for leptons and Higgs decay modes of scalar triplet, we
have
Γ(∆−−i → `−`−) = Γ(∆0?i → νν) = Γ(∆−i → l−ν) =
M∆i
8pi
Tr[Y∆iY
†
∆i
]. (26)
Γ(∆−−i → h−h−) = Γ(∆0?i → h0?h0?) = Γ(∆−i → h−h0?) =
1
8piM∆i
|µ∆i |2. (27)
Hence the branching ratios for the decay of ∆1 are given by
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Bl =
∑
l=e,µ,τ
Bl =
M∆1
8piΓtot
Tr(Y∆1Y
†
∆1
), (28)
Bh =
∑
i=L,H,−
BHi =
|µ1L|2 + |µ1H |2 + |µ1−|2
8piM∆1Γ∆1
=
|λ|2M∆1
8piΓ∆1
, (29)
Γ∆1 =
M∆1
8pi
(∑
|Y∆1|2ii + |λ|2
)
, (30)
where, λ = (|µ1L|
2+|µ1H |2+|µ1−|2)1/2
M∆1
, and Γ∆1 is the total decay rate of the first triplet. µ1L,
µ1H and µ1− are the coupling of the decaying triplet to HL, HH and H− respectively, which
are defined as follows
µ1L = µ1sin
2β + µ1
′cos2β,
µ1H = µ1cos
2β + µ1
′sin2β,
µ1− = µ1. (31)
From the type II Lagrangian mentioned in Eq.(2), the scalar triplet-lepton Yukawa cou-
plings can be written in the matrix form as
Y∆1 =

yt1 0 0
0 yt1 0
0 0 yt1
′
 , Y∆2 =

yt2 0 0
0 yt2 0
0 0 yt2
′
 . (32)
Since the SM leptons and right-handed neutrinos couple to different Higgs doublets of the
present model, we can re-write the Yukawa coupling matrix corresponding to the interaction
of these fermions with HL, HH and H− from Eq.(2) after redefinition and rotation of Higgs
fields in Eq(5) and (6). One can write
Y νL =

yν2√
2
sin β
yν2√
2
sin β 0
yν2√
2
sin β −yν2√
2
sin β 0
y
ν3e
ipy3√
2
sin β
yν3e
ipy3
√
2
sin β yν4e
ipy4 cos β
 , Y ν− =

−yν2√
2
yν2√
2
0
yν2√
2
yν2√
2
0
yν3√
2
−yν3√
2
0
 ,
Y νH =

yν2√
2
cos β
yν2√
2
cos β 0
yν2√
2
cos β −yν2√
2
cos β 0
yν3e
ipy3
√
2
cos β
yν3e
ipy3
√
2
cos β eipy4yν4 sin β
 . (33)
Here we consider the leptogenesis in the mass basis of charged leptons. Hence the Dirac
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Yukawa matrices, mentioned above, will be modified as Y˜ νH,L,− = Y
ν
H,L,−Uel. If we use the
observed masses of the charged leptons, we can have the numerical entries of the matrix Uel
in Eq.(13), from which the modified Yukawa coupling for HL as
Y˜ νL =

0 0 yν1 sin β
0.005yν1 sin β yν1 sin β 0
yν4 cos βe
ipy4 0.005yν1 sin β 0.00001yν4 cos βe
ipy4 + yν3 sin βe
ipy3
 . (34)
Similarly, we can have the modified Yukawa coupling matrices Y˜ νH and Y˜
ν− , corresponding
to the Yukawa couplings of HH and H−. Further the entries of modified Yukawa couplings
will be denoted as y˜νi . We explore the importance of the above mentioned couplings in
explaining leptogenesis in both high and low scale regimes in the following subsections.
A. Case I: Leptogenesis with M∆1 = O(1010) GeV
Here we consider leptogenesis solely from scalar triplets by assuming the right-handed
neutrinos to be much heavier in mass and decoupled earlier [43]. At high temperature regime,
the scalar triplets are thermalized because of the gauge interactions. They decouple, when
the temperature of thermal bath approaches the mass of decaying triplet, i.e, T ≈M∆1 and
produce the lepton asymmetry. We choose the mass of the scalar triplet to be of the order of
O(1010) GeV and the mass of the lightest right-handed neutrino to be of the order of O(1011)
GeV. Generation of nonzero CP asymmetry from the scalar triplet decay, in one loop level,
requires at least one more heavy triplet (M∆2 >> M∆1), as mentioned in the literature. As
the scalar triplet has two decay modes (to different Higgs in the model and the leptons),
any of the decay channel being out of equilibrium can generate lepton asymmetry.
Constraints on couplings from out of equilibrium decay and neutrino mass:
To generate nonzero asymmetry as per the Sakharov’s condition the decay rate should be
less than the Hubble expansion
Γ∆1 < H ≈ 1.66×
√
g?
T 2
1.2× 1019 GeV
< 1.38× 10−18[T 2]T=M∆(g? ≈ 100) GeV. (35)
The cosmological bound on sum of the neutrino masses is found to be less than 0.12 eV [59]
. In this model, we are considering the total contribution to the neutrino mass contributing
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equally from type I and II sectors. Hence, we can constrain the Yukawa couplings with the
assumption that the lightest right-handed neutrino is O(1) lighter in mass than the other
two heavy neutrinos,
From type I:
∑
mIν =
4y2ν1v
2 sin2 β
M1R
+
2y2ν3v
2 sin2 β
M1R
+
2y2ν4v
2 cos2 β
M1R
≤ 0.05× 10−9 GeV
≈ 0.3y2ν3 sin2 β + y2ν4 cos2 β ≤
(0.05× 10−9)M3R
2v2
. (36)
From type II: ∑
i
mIIνi =
(4yti + 2yti
′)µiLv2
M2∆i
≤ 0.05× 10−9 GeV
≈ (2yti + yti′)µiL ≤
(0.05× 10−9)M2∆i
2v2
GeV. (37)
The general expression for CP asymmetry from the leptonic self energy and vertex contri-
bution to the scalar triplet decay is provided below
`∆ =
∑
i
M2∆1
2pi
Im
[
(Y †∆1Y∆2)iiTr(Y
†
∆1
Y∆2)
]
M2∆1Tr[Y∆1Y
†
∆1
] + µ2∆1
g
(
M2∆1
M2∆2
)
, (38)
where,
g(x) =
x(1− x)
(1− x)2 + xy , x =
M2∆1
M2∆2
and y =
(
Γ∆2
M∆2
)2
. (39)
Hence the total CP asymmetry from the lepton loop in one flavor regime is l =∑
α=e,µ,τ 
α
l = 0, due to the diagonal triplet-lepton Yukawa matrix. This structure of Yukawa
also disfavors the flavored leptogenesis scenario. Hence the only self energy diagram that
contributes to the triplet leptogenesis scenario is through Higgs loop, as shown in Fig.5.
Here the scalar triplet to Higgs decay mode to be out of equilibrium as per the Sakharov’s
conditions. This leads to BhΓtot < H, where H is the Hubble expansion rate of the universe.
CP asymmetry from the interference of tree and scalar self energy loop is given by
h∆ =
∑
i
1
2pi
Im(Y †∆1Y∆2)iiµ
?
∆1
µ∆2
M2∆1Tr[Y
†
∆1
Y∆1 ] + |µ∆1|2
g
(
M2∆1
M2∆2
)
≈ 1
16pi2
Im[yt1
′yt2′(µ1Lµ?2L + µ1Hµ
?
2H + µ1−µ
?
2−)]
Γ∆1M∆1
g
(
M2∆1
M2∆2
)
≈ 3
16pi2
3yt1
′yt2′(µ1Lµ?2L) sinφcph
Γ∆1M∆1
g
(
M2∆1
M2∆2
)
. (40)
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FIG. 6: Left panel shows the variation of Yukawa coupling with the sum of neutrino masses in
compatible with the 3σ neutrino oscillation parameters and cosmological bound on total neutrino
mass. Right panel shows the variation of same Yukawa coupling with the CP asymmetry generated,
satisfying the observed baryon asymmetry of the universe.
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FIG. 7: Left panel displays the variation of total CP asymmetry, generated by the first triplet
with the corresponding triplet-lepton Yukawa coupling and right panel represents the variation of
CP asymmetry with the Yukawa coupling for second triplet, compatible with the observed Baryon
asymmetry and neutrino mass.
Since there is no contribution to CP asymmetry from the lepton loop in one flavor approx-
imation, one can generate a large CP asymmetry from scalar self energy loop and vertex
diagrams with right handed neutrinos. CP asymmetry from the right handed neutrino loop
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is given by
N∆ =
−1
4pi
∑
i
MiR
Im
[
µ∆1(Y∆1)ii(Y˜
ν?
L,H,−Y˜
ν?
L,H,−)ii
]
M2∆1Tr[Y∆1Y
†
∆1
] + µ2∆1
ln
(
1 +
M2∆1
M2iR
)
≈ −1
4pi
M2∆1
M3R
µ∆1yt1
′y˜ν3
2 sinφcpn
M∆1
2Tr(Y∆1
†Y∆1) + |µ∆1|2
(MiR >> M∆1). (41)
Here, we consider the constraint on the relevant Dirac Yukawa coupling (yν3) from type
Parameters M∆1(GeV) MN (GeV) y˜ν3 yt1
′µL
∑
mν(eV) CP = 
N
∆ + 
h
∆
BP1 1010 2.1× 1011 0.02 1.9× 103 0.07 7.6× 10−7
BP2 1010 2.1× 1011 0.03 6.4× 103 0.09 5.8× 10−7
TABLE III: Some sample benchmark points (BP) for the couplings are provided by using Eq.(41)
and (40), which satisfy both neutrino mass and leptogenesis simultaneously.
I seesaw neutrino mass, by fixing the Higgs mixing angle β = pi
4
and calculate the CP
asymmetry by using Eq.(41). We show the variation of this coupling with the CP asymmetry
in Fig 6, from which one can infer that for low values of the Yukawa couplings the CP
asymmetry turns out to be very small. But considering a range of 0.02 to 0.04, one can
achieve a large CP asymmetry of the order 10−7 − 10−8, which is required for successful
leptogenesis. Similarly, in Fig.7, we have shown the variation of triplet-lepton Yukawa
coupling, constrained from the type II neutrino mass and out of equilibrium decay width of
the scalar triplet. A favored region of the coupling y′tiµiL to vary within 1 to 3 TeV for the
decaying triplet and 100 to 200 TeV for the heavier triplet scalar to obtain a CP asymmetry
of order 10−7.
Boltzman Equations
Efficiency of leptogenesis plays a vital role in generating the final baryon asymmetry,
which could be governed by the dynamics of relevant Boltzmann equations. The parti-
cle dynamics in the early universe indulge a large number of interactions in the thermal
soup. Particles attain thermal equilibrium and are subjected to the chemical equilibrium
constraints, while the gauge interaction rate is more than the Hubble expansion. Here the
chemical potential becomes important to define the relations between the particles in the
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chemical equilibrium. For the interactions that are equal with the Hubble expansion are
not that fast to remain in equilibrium. Therefore the Boltzmann equations are very much
significant to analyze the particle number density after the chemical or kinetic decoupling
of particles in a specific temperature regime. In this model, we consider two Higgs triplets,
where one of the Higgs triplets is more massive than the other. Hence the asymmetry gen-
erated by the heavier triplet will be washed out by the inverse decay of lighter one. As it
has been demonstrated in the literature earlier that the lepton number violation demands
both the decay modes of the triplets to happen and any of the decay modes needs to be
out of equilibrium to satisfy the Sakharov’s condition. Unlike the right-handed neutrinos,
as the scalar triplet is not Majorana particle and hence there will be asymmetry in particle
and antiparticle decays and will contribute to the total asymmetry.
H(T ) =
4pi3g?
45
T 2
Mpl
, where, Mpl = 1.2× 1019GeV, (42)
Y eq∆ =
45gT
4pi4g?
z2K2(z), Y
eq
N =
135ζ(3)gN
16pi4g?
z2K2(z), (43)
Y eql =
3
4
45ζ(3)gl
2pi4g?
, Y eqh =
45ζ(3)gh
2pi4g?
, (44)
where, g? = 106.75 is the total relativistic degree of freedom of the SM particles in the
equilibrium. gl = 2, gh = 1, gT = 1, gN = 2 are the degrees of freedom of lepton, Higgs
doublets and Higgs triplet and right handed neutrinos, respectively, and z =
M∆1
T
, with
M∆1 being the mass of decaying particle. The co-moving entropy density is given by s =
(2pi
2
45
)g?T
3, ζ(3) ≈ 1.202, and Ki(z) are the modified Bessel functions of type i. Let us define
the total co-moving number density of triplet be given by Σ∆ = Y∆i + Y∆¯i , where, Yx =
nx
s
are the co-moving number densities. The asymmetric densities of the particles are given by
ηx = Yx − Yx¯. Hence we can write the Boltzmann equations for different reaction densities
to show the evolution of asymmetries η∆, ηh, ηl, and are given in [60],[38]:
szH(z)
dΣ∆1
dz
= −
(
Σ∆1
Σeq∆1
− 1
)
γD − 2
(
Σ2∆1
Σeq∆1
2 − 1
)
γA, (45)
szH(z)
dη∆1
dz
= −γD
(
η∆1
Σeq∆1
+
∑
Bl
ηl
Y eql
−Bh ηh
Y eqh
)
, (46)
szH(z)
dηh
dz
= 2γD
(∑
Bll −Bhh
)
− 2BhγD
(
ηh
Y eqh
− η∆1
Σeq∆1
)
, (47)
szH(z)
dηl
dz
= 2γD
(∑
Bll −Bhh
)
− 2BlγD
(
ηl
Y eql
+
η∆1
Σeq∆1
)
. (48)
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FIG. 8: Figure shows the abundances of particles when lepton asymmetry is generated solely
from scalar triplet. Even though the lepton asymmetry from the lepton loop vanishes, still a large
asymmetry can be generated from scalar and right handed neutrino loop.
The decays and inverse decays are important in the Boltzmann equations to contribute to
the lepton asymmetry, which are given by
γD = sΓ∆1Σ∆1
K1(z)
K2(z)
, (49)
and the s-wave contribution to the gauge scattering processes of triplets is
γA =
M∆1T
3e
−2M∆1
T
64pi4
(9g4 + 12g2g21 + 3g
4
1)
(
1 +
3T
4M∆1
)
, (50)
where, g and g1 are the SM gauge couplings. Along with the gauge scattering for triplets,
we can also have ∆L = 2 , lepton number violating interactions. But we can safely neglect
them in this model, as those will be suppressed by the heavy mass of mediating particle(∆1).
Hence from Fig 8 one can see that a lepton asymmetry of order ≈ 10−9 can be achieved by
using the Boltzmann equation in high mass regime of the scalar triplet. This can be converted
to the baryon asymmetry during sphaleron transition with a fraction of YB = aYL, where,
a = − 8NF+4NH
22NF+13NH
≈ −0.34. NH and NF are the number of Higgs and fermion generations,
respectively.
B. Low scale Leptogenesis: M∆ ≈ O(2) TeV
High scale leptogenesis with such a heavy triplet is very difficult to have any experimental
signature in the near future. But efforts have been made to bring down the scale of lepto-
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genesis with resonance effect, which can also explain the current neutrino oscillation data
[61]-[66]. This low scale is not only phenomenologically viable but also can be verified by
the collider experiments. We discuss the impact of leptogenesis in TeV scale along-with the
constraints on coupling from the neutrino masses. We also put light on the contribution of
TeV scale triplets and right-handed neutrinos to the muon g − 2 anomaly and lepton flavor
violating (LFV) rare decays.
Constraint on couplings from out of equilibrium decay and neutrino mass:
To generate nonzero asymmetry as per the Sakharov’s conditions the decay rate should be
less than the Hubble expansion
Γ∆1 < H ≈ 1.66×
√
g?
T 2
1.2× 1019 GeV
< 1.38× 10−18[T 2]T=M∆1 (g? ≈ 100) GeV. (51)
From type I:∑
mIν =
4y2ν1v
2 sin2 β
M1R
+
2y2ν3v
2 sin2 β
M1R
+
2y2ν4v
2 cos2 β
M1R
≤ 0.05× 10−9 GeV
≈ 0.3y2ν3 sin2 β + y2ν4 cos2 β ≤ 4.1× 10−12. (52)
From type II: ∑
i
mIIν =
(4yti + 2yti
′)µiLv2
M∆i
2 ≤ 0.05× 10−9 GeV
≈ (2yti + yti′)µiL ≤ 8× 10−10 GeV (for i = 1),
≤ 8.3× 10−8 GeV (for i = 2). (53)
As the CP asymmetry turns out to be very small, another way to realize the leptogenesis
is through resonance enhancement. If both of the triplets will be quasi degenerate in mass,
there will be large enhancement in CP asymmetry. The expression of CP asymmetry can
be written as [39]
CP =
1
2pi
Im
[
Y∆1Y
†
∆2
µ?∆1µ∆2
]
M2∆1(Y
†
∆1
Y∆1)ii + µ
2
∆1
M2∆1δM
2
12
(δM212)
2 +M2∆1Γ
2
∆2
. (54)
Where, δM212 = M
2
∆2
−M2∆1 . With the standard assumption of resonance case, provided in
the literature [61], δM212 ≈M∆1Γ∆2 M2∆1 , we can have the self energy contribution
M2∆1δM
2
12
(δM212)
2 +M2∆1Γ
2
∆2
≈ M∆1
Γ∆2
 1. (55)
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FIG. 9: Feynman diagrams represent the Lepton flavor violating rare decays and muon g-2 anomaly
in one loop level.
Hence there will be resonance enhancement in the self energy, which contributes maximally
to the CP asymmetry. With such a large CP asymmetry (≈ O(1)), the observed baryon
asymmetry can be explained by solving the Boltzmann equations as in the previous case.
But at low energy the washout processes will dominantly contribute and the desired lepton
asymmetry can be achieved.
Parameters M∆1(TeV) M∆2(TeV) yt1
′µ1L (GeV) yt2′µ2L (GeV)
∑
mν(eV) CP
BP1 2 20 7.2× 10−10 9× 10−7 0.023 0.06
BP1 2 20 6× 10−10 7.6× 10−7 0.02 0.1
TABLE IV: Benchmark points for the parameters satisfying the constraints from neutrino mass
and observed baryon asymmetry.
1. Comments on LFV Decays and muon g-2 anomalies
Lepton flavor violating decay processes have received great attention in recent times
which are very rare to be observed experimentally [67]-[72]. Efforts are being made by many
experiments to look in this direction and some of them have provided a stringent upper
limits on these decays. In this context, µ → eγ looks to be an important process to be
measured with less background from observation point of view. The current experimental
limit on this decay is Br(µ → eγ) < 4.2 × 10−13 from MEG collaboration [73]. In the
framework of low scale leptogenesis, we can have extra contribution to rare decays lα → lβγ
due to the presence of right handed neutrinos and Higgs. Due to the diagonal structure of
scalar triplet-Yukawa coupling, there won’t be any contribution to LFV from triplet sector
24
5000 6000 7000 8000 9000
10-17
10-16
10-15
10-14
10-13
10-12
MhH (GeV)
B
r(μ→
e
γ)
5000 6000 7000 8000 9000
2.×10-12
4.×10-12
6.×10-12
8.×10-12
1.×10-11
MhH (GeV)
Δa μ
0.0 0.2 0.4 0.6 0.8 1.0
0
1.×10-12
2.×10-12
3.×10-12
4.×10-12
yt1 '
Δa μ
FIG. 10: The left most panel shows the parameter space of heavy Higgs mass allowed by the
branching of lepton flavor violating decay µ → eγ, which is coming in order of less than 10−13 as
per the experimental bound. The middle panel shows the variation of same Higgs mass that gives
the viable range of muon anomalous magnetic moment allowed by experiment and the right most
panel represents the variation of triplet-lepton Yukawa with muon anomalous magnetic moment.
but we can still have it from right handed neutrino and heavy Higgs loop. The branching
ratio for this decay is given by [74]
Br(lα → lβγ) = 3(4pi)
3α
4GF
2 |AD|2 ×Br(lα → lβναν¯β). (56)
where, GF ≈ 10−5GeV −2 is the Fermi constant and α is the electromagnetic fine structure
constant and AD is the dipole contribution, which is given by
AD =
∑
i
(Y νH,−)αi(Y
ν?
H,−)βif(x)
2(4pi)2M2hH
. (57)
Here Y νH,−’s are the Yukawa coupling matrices in Eq.(33), MhH is the mass of heavy Higgs
(HH , H−) and f(x) is the loop function, with x =
M2iR
M2hH
, and is given by
f(x) =
1− 6x+ 3x2 + 2x3 − 6x2logx
6(1− x)4 . (58)
When we have α = β, the above diagrams will contribute to the muon anomalous magnetic
moment as
δaµ =
1
16pi2
[
m2µ
M2hH
∑
i
|(Y νH,−)µµ|2f(x) +
m2µ
M2∆i
∑
i
|yti|2f(xt)
]
, (59)
where, f(xt) will follow the same expression of f(x), with xt =
m2ν
M2∆i
.
From the left panel of Fig.10, one can see that there will be extra contribution to rare LFV
decay µ → eγ from the right-handed neutrinos and heavy Higgs mediated diagram (shown
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in the middle panel of Fig.9) with a mass scale of order O(10) TeV. Middle panel of the
Fig.10 represents the appreciable contribution to muon g-2 anomaly due to the presence of
extra particles in the model shown in the middle and right panels of Fig.9. The extreme
right panel of the Fig.10 displays the variation of the triplet Yukawa coupling with ∆aµ,
where the ∆aµ is found to be order of O(10−12) by varying the Yukawa coupling from 0 to
1 and the triplet mass of the order O(1.6) TeV.
V. SUMMARY
In this article, an attempt has been made to understand the lepton asymmetry using the
simplest discrete symmetry S3 along with the Z2 symmetry. Here, we first considered the
type-II seesaw mechanism by introducing the scalar triplets but the triplet-lepton Yukawa
matrix turned out to be diagonal. So in order to explain the neutrino masses and mixing we
included additional right-handed neutrinos in the type-I seesaw scenario. We considered the
combination of both type-I and type-II seesaw scenarios to accommodate current results in
the neutrino sector, so also attempted to explain the observed baryon asymmetry. Due to
the presence of both right-handed neutrinos and scalar triplets we considered two different
scenarios, in which the first case we discussed the scenario where the scalar triplets are
lighter than the right-handed neutrino masses and explained the lepton asymmetry in high
mass regime. Thereafter, we considered the case where the masses of RHNs and scalar
triplets are much smaller (of the order of TeV), which can be tested in future colliders,
and explained the leptogenesis by resonance enhancement from self energy loop with quasi
degenerate triplets. We used the Boltzmann equation for the first case and discussed the
results which showed that the combined effect of type-I+II enhances the CP asymmetry.
There is no contribution from the triplet mediated process but due to the presence of right-
handed neutrinos and heavy Higgs there will be contributions to the µ → eγ process and
hence one can explain the available LFV result. Moreover, in this model for the muon
anomalous magnetic moment, there will be contributions from the type I and II sectors.
Hence the current framework is more interesting as it not only explains the neutrino mass
and leptogenesis results but also satisfies the experimental bounds on lepton flavor violating
branching ratio and muon anomalous magnetic moment simultaneously in the low mass
regime with quasi degenerate triplets. Interestingly, the low mass regime also opens up the
26
exciting possibilities of scalar triplets to be tested in future collider experiments.
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VI. APPENDIX
S3 group includes 3 dimensional reducible representation which can be reduced to a
doublet and a singlet (i.e., 3 = 2⊕ 1). If (a1 a2) and (b1 b2) transform as doublets under
S3, the tensor product rules are summarized as [12],
(a1 a2)
T
2 ⊗ (b1 b2)T2 =
a1b2 + a2b1
a1b1 − a2b2

2
⊕ (a1b1 + a2b2)1 ⊕ (a1b2 − a2b1)1′ .
(a1 a2)
T
2 ⊗ (b′)1 = (a1b′ a2b′)T2 , (a1 a2)T2 ⊗ (b′)1′ = (−a2b′ a1b′)T2 .
(a)1 ⊗ (b)1′ = (ab)1′ , (a)1′ ⊗ (b)1′ = (ab)1.
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